INTRODUCTION
============

*SNURF-SNRPN* (hereafter termed *SNRPN*) is a bicistronic imprinted gene on human chromosome 15 that encodes two polypeptides, the SmN splicing factor involved in RNA processing ([@b1]), and the SNURF (*SNRPN* upstream reading frame) polypeptide of unknown function ([@b2]). *SNRPN* also encodes a long (∼460 kb) alternatively spliced RNA transcript that contains several families of snoRNAs ([@b3]) and extends downstream to partially overlap the *UBE3A* gene in the anti-sense orientation. The *SNRPN* promoter is associated with a CpG island that is hypermethylated on the maternally inherited allele and hypomethylated on the paternally inherited allele ([@b4]). Two alternative upstream promoters and alternatively spliced non-coding exons expressed at low levels add to the complexity of the locus ([@b5]). The gene is transcribed exclusively from the paternally inherited chromosome and shows highest levels of expression in the brain and heart ([@b2]). Furthermore, *SNRPN* is located within an imprinted gene cluster in chromosome 15 q11--q13 that is associated with the Prader-Willi syndrome (PWS) and Angelman syndrome (AS).

PWS and AS are two clinically distinct neurogenetic disorders linked to a single imprinted domain on chromosome 15 containing at least eight genes distributed across ∼2 Mb \[reviewed in ([@b6])\]; the similarly imprinted syntenic region in the mouse is located on chromosome 7C ([@b6]). PWS arises from loss of function of genes in this region that are expressed exclusively from the paternal chromosome, while AS arises from loss of expression or mutation of the maternally expressed *UBE3A* gene. Multiple genetic mechanisms lead to the allele-specific loss of gene expression in AS and PWS, including deletions of the entire imprinted region, uniparental disomy (UPD), and microdeletions that encompass the 5′ region of the *SNRPN* gene and/or a region upstream of *SNRPN*. High-resolution mapping of these microdeletions has led to the delineation of a bipartite imprinting control region or imprinting center (IC). All of the microdeletions associated with PWS share a 4.3 kb deleted region termed the PWS smallest region of deletion overlap (PWS-SRO), which includes the *SNRPN* promoter region, first exon, and part of the first intron ([@b7]). Similarly, the microdeletions associated with AS share a 0.8 kb AS-SRO located ∼35 kb upstream from exon 1 of *SNRPN* ([@b8]). Thus, the IC is composed of two distinct functional components, the PWS-IC (including but not necessarily limited to the PWS-SRO) that appears to be required for maintenance of the paternal epigenotype in somatic cells ([@b9],[@b10]), and the AS-IC (including the AS-SRO), which appears to be required for establishment of the maternal epigenotype during oogenesis ([@b11]). Currently, the mechanisms of PWS-IC and AS-IC function in establishing and/or maintaining imprinted gene expression across the domain are not well understood.

The co-localization of the PWS-SRO with the *SNRPN* promoter suggests that transcription factor binding to the promoter and subsequent transcriptional activation of the *SNRPN* locus may be integral to PWS-IC function ([@b12]). Several studies have identified *cis*-acting elements in the *SNRPN* promoter region that affect promoter function in transient expression assays and regulate expression or imprinting of mouse transgenes. However, the corresponding *trans*-acting factors have not been identified and no specific transcription factors have yet been shown to bind to the endogenous *SNRPN* locus. *SNRPN* promoter function was first reported to be contained within an interval between positions −207 and +53 by using transient expression assays of reporter constructs that included an exogenous SV40 enhancer ([@b13]). Employing the same strategy (and the SV40 enhancer), the minimal *SNRPN* promoter was subsequently shown to be located between nucleotides −71 and +51, a region that contains a 7 bp element (SBE) between nucleotides −57 and −51 and an element around position +17 that act as positive regulators of transcription ([@b14]). In addition, a repressor sequence was mapped downstream of the minimal promoter in the 3′ region of exon 1 ([@b14]). The SBE coincides with one of the six sequences that are phylogenetically conserved between the 5′ flanking region of the human and mouse *SNRPN* genes ([@b7]). The SBE has also been identified as a functional promoter element in the mouse *Snrpn* gene ([@b15]). Subsequent analysis of the mouse *Snrpn* promoter in a transgene construct containing the human AS-SRO and the minimal mouse *Snrpn* promoter expressing a reporter gene identified several additional DNA sequences that appear to be involved in imprinted expression of the transgene ([@b16]). These included two *de novo* methylation signals (DNS), an allele discrimination signal (ADS) and two separate signals responsible for the maintenance of the paternal imprint (MPI1 and MPI2). The mechanisms and the associated *trans*-acting factors that mediate the function of these *cis*-acting elements remain unknown. Despite the fact that transgenic mice containing constructs with the human AS-SRO and the human ([@b17]) or the mouse ([@b18]) *SNRPN* promoters assume the correct imprinted state of the transgene, deletion of the endogenous mouse *Snrpn* promoter has no apparent effect on PWS-IC function ([@b19]), suggesting that sequences outside of the promoter may be sufficient to maintain the function of the PWS-IC in the mouse ([@b16]).

In the current study, we have used multiple strategies to identify *cis*-acting elements within the endogenous human *SNRPN* 5′ region and to determine the corresponding *trans*-acting regulatory factors that interact in an allele-specific manner with the promoter. We also have identified and analyzed *cis*-acting and allele-specific *trans*-acting elements associated with an enhancer located within the first intron of *SNRPN* just downstream of the PWS-SRO. The potential role of these regulatory elements in PWS-IC function is discussed.

MATERIALS AND METHODS
=====================

Cell culture
------------

EBV-transformed lymphoblasts derived from PWS and AS patients were grown in RPMI medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin--streptomycin. Human SK-N-SH neuroblastoma cells were obtained from the American Type Culture Collection and grown in E-MEM supplemented with 10% FBS and 1% penicillin--streptomycin. Cells were grown at 37°C in 5% CO~2~.

DNase I treatment of permeabilized cells for mapping of hypersensitive sites and Southern blotting
--------------------------------------------------------------------------------------------------

Cell permeabilization and DNase I treatment was performed as described previously ([@b20]). Genomic DNA from DNase I treated cells was digested with BamHI and size-fractionated in a 0.8% agarose gel, transferred and hybridized as described previously ([@b20]). The 2.26 kb hybridization probe was isolated from plasmid pPH-B8 ([@b21]) by digestion with BamHI and EcoRI and labeled by random priming.

Vector design
-------------

Constructs for transient expression assays were generated from the pGL3-Basic vector (Promega). Details on vector construction are provided in Supplemental Material.

Transient transfection and luciferase reporter assays
-----------------------------------------------------

SK-N-SH cells were transfected with firefly luciferase expression constructs using SuperFect (Qiagen) according to the manufacturer\'s specifications (see Supplementary Material). Cells were co-transfected with pRL-TK (Promega) which contains the *Renilla* luciferase gene. Cells were lysed 24 h post-transfection and firefly and *Renilla* luciferase activities were measured (Dual-Luciferase® Reporter Assay System, Promega) in a Sirius Luminometer V2.2. (Berthold Detection Systems). Firefly luciferase activity was normalized to *Renilla* luciferase activity. For each construct, the average and standard error of the mean \[standard deviation/square root (*n*), where *n* is the number of independent experiments\] were calculated.

Site-directed mutagenesis
-------------------------

Sequence-specific mutations in reporter constructs were performed using the QuikChange® XL Site-Directed Mutagenesis Kit (Stratagene) following the manufacturer\'s instructions. Mutated sequences were designed to include a new restriction site, and mutant clones were identified by restriction digestion and verified by sequencing. Supplementary Table S1 shows the wild-type and mutant sequences. Mutant sequences from constructs (c--g) in [Figure 2G](#fig2){ref-type="fig"} were excised with XbaI and cloned into the XbaI site of construct (c) in [Figure 4B](#fig4){ref-type="fig"} to generate the constructs (d--h) in [Figure 4B](#fig4){ref-type="fig"}.

Dimethyl sulfate (DMS) treatment of cells and naked DNA for *in vivo* footprinting
----------------------------------------------------------------------------------

DMS treatment of ∼2 × 10^7^ lymphoblast cells and DMS treatment of purified DNA were performed as described by Hornstra and Yang ([@b22]).

Ligation-mediated PCR (LMPCR)
-----------------------------

LMPCR was performed essentially as described previously ([@b20]). The sequence of LMPCR primers and cycling conditions for the PCR are provided in Supplementary Table S2.

LMPCR DNA sequencing ladders
----------------------------

Ladders were generated from genomic DNA as described previously ([@b22]) and were used to determine the exact position of each guanine residue in autoradiograms of LMPCR-amplified DMS-treated samples.

Electrophoresis, transfer and hybridization of sequencing gels
--------------------------------------------------------------

LMPCR-amplified products were analyzed by size-fractionation in a DNA sequencing gel, followed by electrotransfer, hybridization and autoradiography essentially as described previously ([@b22]). Radiolabeled probes were generated as described in Supplementary Material.

Chromatin immunoprecipitation (ChIP)
------------------------------------

ChIP was performed essentially as described by Leach *et al*. ([@b23]) on human lymphoblasts. A total of 10^7^ cells were used in each immunoprecipitation (IP) reaction with antibodies against YY1 (Santa Cruz Biotechnology sc-1703; 5 μg), NRF-1 (kindly provided by Richard C. Scarpulla; 4 μl), Sp1 (Santa Cruz Biotechnology sc-59; 10--12.5 μg), CTCF (Upstate 06-917; 5--20 μg), unphosphorylated RNA polymerase II (Covance MMS-126R, 40--60 μg), H3 dimethyl-K4 (Abcam ab7766-50; 2 μg), acetylated H4 (Upstate 06-866; 1 μl) and H3 acetyl-K9 (Upstate 06-942; 5 μg). To account for non-specific binding, each experiment included a mock IP reaction to which no antibody was added; these reactions routinely yielded no PCR products. Immunoprecipitated DNA was analyzed by PCR using PCR conditions and primer sequences shown in Supplementary Table S3. The linearity of the amplification was verified by diluting the input DNA (i.e. the fraction of the unbound chromatin in the mock IP) by 1:2, 1:4 and 1:8. Genomic regions outside of the PWS-AS domain that are known to be associated with specific factors were analyzed as a positive control for the IP reaction with antibodies against those factors (Supplementary Figure S3A). PCR products were size-fractionated in 5% TBE (89 mM Tris, pH 8.3, 89 mM boric acid and 2 mM EDTA) polyacrylamide gels and gel bands were visualized and quantified by SyBr-green staining in a fluorescence scanner (Storm 860, Molecular Dynamics). The fraction bound was calculated as percentage of input DNA; average and standard error of the mean across experiments are shown.

RESULTS
=======

The location of DNase I hypersensitive (DH) sites in chromatin within and surrounding the *SNRPN* promoter were mapped by Southern blot analysis ([Figure 1](#fig1){ref-type="fig"}) and confirmed previous reports by Schweizer *et al*. ([@b24]) and Ohta *et al*. ([@b7]). Our studies identified two strong hypersensitive sites specific to the paternal chromosome: DHS1---which is located in the promoter region of the *SNPRN* gene and DHS2---which is located in the first intron roughly 1.5 kb downstream of the transcription initiation site. DHS2 is located just outside and downstream of the PWS-SRO ([@b7]). Because DH sites are commonly associated with *cis*-acting regulatory elements in eukaryotic chromatin, and because these DH sites were mapped within or immediately adjacent to the PWS-SRO, we used various strategies to identify and characterize both *cis*- and *trans*-acting regulatory elements within DHS1 and DHS2 of the endogenous *SNRPN* locus.

*In vivo* footprint analysis of DHS1
------------------------------------

To identify *cis*-acting regulatory elements associated with DHS1 within intact cells, we performed DMS *in vivo* footprint analysis of the *SNRPN* promoter region using LMPCR ([@b22]). As shown in [Figure 2A](#fig2){ref-type="fig"}, the region analyzed included a series of potential transcription factor binding sites identified by the TRANSFAC database, as well as six phylogenetically conserved sequences within the *SNRPN* promoter region ([@b7]). The paternal and maternal *SNRPN* alleles were assayed independently using cultured lymphoblasts from AS and PWS patients, respectively, carrying either UPD or deletion (Del) of the AS/PWS region. [Figure 2A](#fig2){ref-type="fig"} shows the relative position and region analyzed with each LMPCR primer set on the upper and lower strands of the endogenous *SNRPN* promoter region from position −490 to position +150.

Each region and strand of interest was analyzed in multiple DNA sequencing gels from at least two separate DMS treatments of cells, and footprints were further confirmed in two different cell lines (UPD and Del) for each parental allele. Although some of the footprints were subtle, all were highly reproducible (confirmed in 80--100% of the autoradiograms containing each site). Furthermore, transient expression assays (see below) confirmed four of the six footprinted sites as bona fide *cis*-acting regulatory elements. Weak footprints were likely to be due to the fact that these *in vivo* footprinting assays were performed in lymphoblast cells, which express relatively low levels of *SNRPN* mRNA ([@b21]) and, therefore, unlikely to have a highly active *SNRPN* promoter maximally occupied by transcription factors. *In vivo* footprints were detected as bands of decreased or increased intensity relative to neighboring bands in each *in vivo*-treated sample compared with the pattern of relative band intensities in control naked DNA samples purified from the same cells. [Figure 2B--F](#fig2){ref-type="fig"} shows representative DNA sequencing gels for the *in vivo* footprint analysis; results are summarized in [Figure 3](#fig3){ref-type="fig"}.

[Figure 2B](#fig2){ref-type="fig"} shows *in vivo* footprint P1 at positions +56 and +58, which was identified with primer set TY528 on the lower strand of the paternal allele. Examination of relative band intensities revealed enhanced DMS reactivity at position +58, and protection from DMS modification at position+56 in the *in vivo*-treated samples containing the paternal allele (lanes 6--8) compared with the control naked genomic DNA samples (lanes 5). This pattern was not observed on the maternal allele (compare the naked DNA sample in lane 1 and the *in vivo*-treated samples in lanes 2--4). *In vivo* footprint P1 is located at the *SNRPN* translation initiation site within a sequence that shows weak similarity to an AP1 binding site. Furthermore, the P1 *in vivo* footprint lies within a previously reported negative *cis*-acting regulatory element mapped by transient expression assays within exon 1 of *SNRPN* ([@b14]).

Footprints P2--P5 were detected with LMPCR primer set TY641 on the upper strand exclusively on the paternal allele ([Figures 2C--E](#fig2){ref-type="fig"}). [Figure 2C](#fig2){ref-type="fig"} shows enhanced DMS reactivity at positions −4 (footprint P2) and −13 (footprint P3) in the *in vivo*-treated samples from the paternal allele (lanes 6--8) compared with the naked DNA control (lane 5) and that was not observed on the maternal allele (compare lane 1 with lanes 2--4). Footprint P2 is associated with a potential E2F binding site, and P3 lies within one of the three potential CTCF binding sites located in the *SNRPN* 5′ region (see [Figure 3](#fig3){ref-type="fig"}).

*In vivo* footprint P4, shown in [Figure 2D](#fig2){ref-type="fig"}, is detected at position −34 as a band of enhanced DMS reactivity exclusively on the paternal allele (compare lanes 5--6 with lane 4, and compare lanes 2 and 3 with lane 1). Searches of the transcription factor database did not identify a known transcription factor binding site associated with P4. However, footprint P4 is flanked on both sides by potential Sp1 binding sites ([Figure 3](#fig3){ref-type="fig"}).

[Figure 2E](#fig2){ref-type="fig"} shows footprint P5 where two bands at positions −56 and −58 were protected from DMS modification exclusively on the paternal allele (compare lanes 5 and 6 with lanes 1 and 4, as well as lanes 2 and 3); this was confirmed in similar analysis using primer set TY540 (data not shown). Footprint P5 is associated with a potential binding site for NRF-1 (nuclear respiratory factor-1). P5 is also the only footprint that coincides with one of the six phylogenetically conserved sequences in the promoter region ([Figure 3](#fig3){ref-type="fig"}) and is included within the SBE ([@b14]).

[Figure 2F](#fig2){ref-type="fig"} shows footprints M6 and P6 that were identified with primer set TY528 on the lower strand at positions −84 and −85 on the maternal and the paternal alleles, respectively. The band at position −85 showed enhanced DMS reactivity relative to bands above and below it in samples containing only the *in vivo*-treated paternal allele (lanes 6--8) but neither in control naked DNA samples (lanes 1 and 5) nor in *in vivo*-treated samples carrying only the maternal allele (lanes 2-4). This indicates that footprint P6 is specific to the paternal allele. In contrast, the band at position −84, termed footprint M6, showed enhanced DMS reactivity only in the *in vivo*-treated samples carrying the maternal allele (lanes 2--4). Because the finding of an *in vivo* footprint on the transcriptionally repressed maternal allele was somewhat unexpected, footprint M6 was confirmed by DNase I *in vivo* footprinting (data not shown). The sequence shared by footprinted sites M6 and P6 lies within a potential NRF-1 binding site that partially overlaps with a potential CTCF binding site.

Because only altered DMS reactivity at guanine residues was used as the criterion for bona fide *in vivo* footprints, altered DMS reactivity at other nucleotides, such the adenine at position −83 in [Figure 2F](#fig2){ref-type="fig"}, was not deemed to reflect a footprint. In addition, nucleotides of apparent altered DMS reactivity that were not reproducible in at least 80% of the corresponding autoradiograms were also not considered to be footprinted (e.g. the apparent footprint at position −79 in [Figure 2F](#fig2){ref-type="fig"}, which was not reproducible in other autoradiograms). Analysis of the *SNRPN* 5′ flanking region with the remaining four LMPCR primer sets ([Figure 2A](#fig2){ref-type="fig"}) identified no additional *in vivo* footprints.

Functional analysis of *in vivo* footprinted elements in DHS1
-------------------------------------------------------------

To examine the potential function of the *in vivo* footprinted sites, transient expression assays were performed in which each footprinted sequence was mutated in a reporter construct containing a 756 bp fragment of the *SNRPN* promoter region (from position −676 to +80) driving the firefly luciferase gene. [Figure 2G](#fig2){ref-type="fig"} shows the relative luciferase activity of the mutant constructs compared with a wild-type control construct in human neuroblastoma SK-N-SH cells (cells which showed readily detectable *SNRPN* mRNA levels in northern blots; data not shown).

Mutations of the paternal-specific sites P2 and P5 \[(d) and (f) in [Figure 2G](#fig2){ref-type="fig"}\] significantly reduced the expression of the reporter gene, suggesting the association of P2 and P5 with *cis*-acting elements involved in *SNRPN* promoter function. Construct (g) in [Figure 2G](#fig2){ref-type="fig"} showed a reduction in reporter gene activity to ∼1/3 of wild-type levels upon mutation of the M6/P6 site. This reduction was most likely due to effects on interactions associated with the P6 footprint on the transcriptionally active paternal allele and not with the M6 footprint specific to the silent maternal allele.

Mutation of the sequences associated with footprinted sites P1 and P4 \[(c) and (e) in [Figure 2G](#fig2){ref-type="fig"}\] did not alter significantly the expression levels of the reporter. However, a potential role for footprint P1 is described below. Footprint P3 was not examined for effects on promoter function.

Identification of an activator function associated with DHS2
------------------------------------------------------------

To investigate the possibility that sequences within DHS2 might have an effect on *SNRPN* promoter function, a 2.2 kb (EcoRI--SmaI) genomic DNA fragment (termed 2.2-DHS2) that included DHS2 and flanking sequences was inserted into luciferase reporter constructs that included 756 bp of the *SNRPN* promoter (from positions −676 to +80) and analyzed by transient expression assays in SK-N-SH cells ([Figure 4A](#fig4){ref-type="fig"}). Constructs in which 2.2-DSH2 was cloned downstream from the luciferase gene in the forward \[[Figure 4A](#fig4){ref-type="fig"}, (b)\] or reverse orientations (c), and upstream of the promoter in the forward (d) or reverse (e) orientations showed an 8-, 2-, 5- and 8-fold increase in reporter activity, respectively, compared with a control construct lacking 2.2-DHS2 \[([Figure 4A](#fig4){ref-type="fig"}, (a)\]. This strongly suggested that 2.2-DSH2 can act as an activator of the *SNRPN* promoter independent of orientation and position.

The activation function of 2.2-DHS2 was then examined in the context of the *SNRPN* mutations of *in vivo* footprinted sites shown in [Figure 2G](#fig2){ref-type="fig"}. We used a luciferase reporter construct that contained 756 bp of the *SNRPN* promoter as before, plus 2.2-DHS2 \[[Figure 4A](#fig4){ref-type="fig"}, construct (e)\]. As shown by construct (d) of [Figure 4B](#fig4){ref-type="fig"}, mutation of site P1 (which had no effect on reporter activity in the absence of the enhancer; see [Figure 2G](#fig2){ref-type="fig"}) resulted in a ∼50% increase in reporter activity in the presence of 2.2-DHS2 \[compared with control construct (c)\]. This suggested that regulatory elements associated with *in vivo* footprint P1 may be involved in negatively regulating the activation of the *SNRPN* promoter by 2.2-DHS2. Mutation of sites P2 and M6/P6 \[[Figure 4B](#fig4){ref-type="fig"}, (e) and (h)\] in the presence of 2.2-DHS2 had effects similar to that seen in the absence of 2.2-DHS2 (compare [Figure 2G](#fig2){ref-type="fig"} with [Figure 4B](#fig4){ref-type="fig"}). However, mutation of the footprint P5 resulted in a smaller reduction of promoter activity in the presence of 2.2-DHS2 \[see [Figure 4B](#fig4){ref-type="fig"}, (c) versus (g)\] compared with the absence of 2.2-DHS2 \[see [Figure 2G](#fig2){ref-type="fig"}, (b) versus (f)\]. Mutation of site P4 \[construct (f)\] had no effect on reporter activity, either in the presence \[[Figure 4B](#fig4){ref-type="fig"}, (f)\] or in the absence \[[Figure 2G](#fig2){ref-type="fig"}, (e)\] of 2.2-DHS2, which suggests that the factor(s) binding this site may play a role in functions other than direct promoter activity.

Effect of the intronic activator on other promoters in the AS/PWS region
------------------------------------------------------------------------

The human *SNRPN* locus includes several upstream promoters that are functional only from the paternal allele at low levels ([@b5]). Therefore, as shown in [Figure 4C](#fig4){ref-type="fig"}, we investigated the effect of 2.2-DHS2 on two upstream *SNRPN* promoters, U1A and U1B. Each of these promoter regions was cloned into a luciferase reporter construct that included 2.2-DHS2 positioned downstream of the reporter in the forward orientation \[as in [Figure 4A](#fig4){ref-type="fig"}, construct (b)\] and analyzed using transient expression assays in SK-N-SH cells as before. Both the U1A and U1B promoters were activated significantly by 2.2-DHS2 relative to a construct lacking 2.2-DHS2, though to a slightly lesser extent than the major *SNRPN* promoter itself (5.1- and 5.7-fold versus 7.7-fold, respectively). We also examined the effect of the 2.2-DHS2 sequence on promoter activity of other imprinted genes within the AS/PWS region, including the paternal *MKRN3* gene located ∼1.4 Mb upstream of *SNRPN*, and the maternal *UBE3A* gene located ∼0.5 Mb downstream of *SNRPN*. As shown in [Figure 4C](#fig4){ref-type="fig"}, both the *UBE3A* and *MKRN3* promoters by themselves showed higher levels of basal promoter activity than the *SNRPN* promoter and were both activated by the 2.2-DHS2 fragment (2.0- and 1.9-fold, respectively), though to a lesser extent than any of the *SNRPN*-related promoters (5.1- to 7.7-fold). Analysis of the SV40 promoter (that was activated up to 14-fold by 2.2-DHS2; data not shown) further corroborated data that 2.2-DHS2 can function as an activator of heterologous promoters. Furthermore, 2.2-DHS2 did not repress the maternally expressed *UBE3A* promoter in these transient expression assays, which suggests that 2.2-DHS2 is unlikely to play a direct role in repressing maternal genes on the paternally inherited chromosome.

Although 2.2-DHS2 does not activate the *SNRPN* promoter with equal efficiency in all orientations and positions (see [Figure 4A](#fig4){ref-type="fig"}), and distances (data not shown), or activate all heterologous promoters to the same degree ([Figure 4C](#fig4){ref-type="fig"}, and data not shown for the SV40 promoter), its activity in transient expression assays nonetheless meets the classical criteria for enhancer function.

Identification of regulatory elements in 2.2-DHS2
-------------------------------------------------

To identify candidate *cis*-acting DNA sequences within 2.2-DHS2 that could mediate its activator function, we searched for evolutionarily conserved sequences in the human 2.2-DHS2 and the entire first intron of the mouse and rat *Snrpn* genes. As shown in [Figure 5A](#fig5){ref-type="fig"}, comparison of these sequences identified a single ∼80 bp region that showed significant conservation among these species. Sequence analysis of the conserved sequence with the TRANSFAC database revealed highly conserved potential binding sites for the transcription factors Sp1, YY1 and NRF-1. Sp1 is a well-characterized ubiquitous transcriptional activator ([@b25]). NRF-1 regulates a variety of genes involved in mitochondrial function and energy metabolism ([@b26]), and a binding site for NRF-1 was also *in vivo* footprinted in the *SNRPN* promoter region (see [Figure 3](#fig3){ref-type="fig"}). YY1 is a ubiquitous transcription factor associated with transcriptional initiation, activation and repression \[reviewed in ([@b27])\]. In addition, there are other highly conserved nucleotide sequences (from nucleotides +1302 to +1310, and from nucleotides +1333 to +1343 of the human sequence) that are not associated with known transcription factor binding sites.

Sequence analysis of the region associated with DHS2 also indicates that it contains a CpG island \[(according to the criteria established by Takai and Jones ([@b28])\], which includes the 80 bp phylogenetically conserved region. This CpG island in DHS2 is distinct and separate from the CpG island at the *SNRPN* promoter. The CpG island in the promoter region has been well characterized in normal individuals and shown to be hypermethylated on the maternal allele and hypomethylated on the paternal allele ([@b6]). Analysis of the CpG island associated with DHS2 (and the 80 bp conserved sequence) also showed a similar pattern of allele-specific methylation. Digestion of genomic DNA from PWS and AS patients with methyl-sensitive restriction enzymes (HhaI to analyze CpGs at +1325 and +1375, and EaeI to analyze CpGs at +1354 and +1360) followed by PCR across the restriction site indicated that the paternal allele is hypomethylated and the maternal allele is hypermethylated (see Supplementary Figure S1).

To determine whether *cis*-acting elements within the 80 bp conserved sequence contributed to the activation function of the 2.2-DHS2 fragment, subfragments of 2.2-DHS2 containing the conserved sequence were analyzed for the activation of the *SNRPN* promoter by transient expression assays as before ([Figure 5B](#fig5){ref-type="fig"}). A 94 bp BstNI--HaeIII subfragment (Bs-Ha in [Figure 5B](#fig5){ref-type="fig"}) containing the entire 80 bp conserved sequence activated the *SNRPN* promoter 4-fold over the promoter alone. Thus, the 80 bp conserved sequence was termed the conserved activator sequence (CAS). However, the BstNI--HaeIII subfragment exhibited only about 2/3 and 1/2 of the activation activity of a fragment that included sequences flanking the CAS (the N-S subfragment in [Figure 5B](#fig5){ref-type="fig"}) and the entire 2.2-DHS2 fragment, respectively. This suggested that the CAS requires additional sequences in 2.2-DHS2 to generate the full promoter activation activity of 2.2-DHS2. However, it is unclear what these sequences might be, since we have not identified additional regions of significant sequence conservation in 2.2-DHS2 outside of the CAS and no other DNase hypersensitive sites are detected in 2.2-DHS2 on the paternal allele ([@b24]).

We also demonstrated a role for the putative YY1 binding site in the activation function associated with 2.2-DHS2. Transient expression assays yielded a 4.5-fold reduction in the activation of the *SNRPN* promoter by 2.2-DHS2, which was mutated at the putative YY1 binding site compared with wild-type 2.2-DHS2 (see Supplementary Material and Supplementary Figure S2A). Furthermore, electrophoretic mobility shift assay analyses and supershift assays with YY1 antibodies indicated that the potential YY1 binding site in the CAS can interact with YY1 *in vitro* (see Supplementary Figure S2B and C).

ChIP analysis of transcription factor binding *in vivo*
-------------------------------------------------------

ChIP analysis was used to examine the binding of Sp1, YY1, NRF-1 and CTCF to DHS1 (i.e. the *SNRPN* promoter region) and to the CAS within DHS2 *in vivo* using lymphoblasts derived from AS and PWS patients. As shown in [Figure 6A](#fig6){ref-type="fig"}, five regions in the *SNRPN* locus were assayed by ChIP analysis: (1) the U1A upstream promoter; (2) 1.3 kb upstream of the *SNRPN* promoter; (3) the *SNRPN* promoter; (4) the intronic CAS and (5) 1.3 kb downstream of the CAS. The analysis showed strong association of YY1 with the intronic CAS *in vivo* on the transcriptionally active paternal allele (i.e. in AS cells) and not on the maternal allele (i.e. in PWS cells, [Figure 6B](#fig6){ref-type="fig"}). In contrast, similar ChIP analysis of the non-imprinted glucocorticoid receptor gene, known to be bound by YY1 at an upstream regulatory region ([@b29]), showed association of YY1 in this region on both alleles (i.e. in both the AS- and PWS-derived cell lines; see Supplementary Figure S3A). Analysis of NRF-1 by ChIP assays demonstrated the association of NRF-1 with both the *SNRPN* promoter region as well as the intronic CAS ([Figure 6B](#fig6){ref-type="fig"}) specifically on the paternal allele. The association of NRF-1 with the *SNRPN* promoter is most likely to be at the potential NRF-1 binding sites associated with paternal footprints P5 and/or P6 ([Figure 3](#fig3){ref-type="fig"}). As a positive control for NRF-1 association, ChIP analysis of the 3′ non-coding region of the non-imprinted myotonic dystrophy protein kinase gene (*DMPK*) that contains potential NRF-1 binding sites (as indicated by analysis of the TRANSFAC database; S. Rodriguez-Jato, unpublished data) detected NRF-1 binding in this region in both the AS- and PWS-derived cell lines (see Supplementary Figure S3A). The U1A upstream promoter of the *SNRPN* locus also contains a potential NRF-1 binding site (based on analysis of the TRANSFAC database); however, no association of NRF-1 with U1A was detected on either allele ([Figure 6B](#fig6){ref-type="fig"}). This is not unexpected since the upstream *SNRPN* transcripts are not expressed in blood ([@b5]) and the U1 promoters have been reported not to be nuclease hypersensitive in lymphoblast cells ([@b24]). Analysis of Sp1 association using ChIP assays showed interaction of Sp1 with both the promoter region as well as the CAS only on the paternal allele ([Figure 6B](#fig6){ref-type="fig"}).

Despite the fact that two *in vivo* footprints in the *SNRPN* promoter region were associated with potential CTCF binding sites ([Figure 3](#fig3){ref-type="fig"}), we have been unable to detect *in vivo* interactions involving CTCF on either the paternal or the maternal allele of the *SNRPN* promoter region by ChIP assays (Supplementary Figure S3B). As a positive control in these assays, we analyzed the previously reported association of CTCF with the 3′ non-coding region of the *DMPK* gene ([@b30]) and confirmed the interaction of CTCF at this locus in both AS- and PWS-derived cell lines (Supplementary Figure S3A). Thus, it is likely that CTCF does not interact with either the maternal or paternal alleles of the *SNRPN* promoter in lymphoblast cells.

Association of RNA polymerase II with the intronic CAS
------------------------------------------------------

YY1 has been shown to interact with and recruit RNA polymerase II to core promoters and activate transcription ([@b27]). Therefore, we examined the possibility that the intronic CAS, with the possible involvement of YY1, could act as a site for recruitment of pol II to the *SNRPN* locus. Antibodies specific to the unphosphorylated form of RNA pol II were used in ChIP assays of the same *SNRPN* regions as before ([Figure 6A](#fig6){ref-type="fig"}); unphosphorylated RNA pol II is the non-processive form typically associated with transcription initiation at promoters. As shown in [Figure 6B](#fig6){ref-type="fig"}, ChIP analysis revealed strong association of unphosphorylated pol II with both the CAS and the promoter specifically on the paternal allele. Furthermore, the level of unphosphorylated pol II on the paternal allele was higher at the CAS compared with the *SNRPN* promoter region. No significant amplification of the regions 1.3 kb upstream and downstream of the promoter and the CAS, respectively, was observed. Analysis of the U1A upstream promoter, which is inactive in blood, also did not detect association of pol II. These findings are consistent with a model of transcriptional activation in which the CAS may act to recruit unphosphorylated RNA pol II to the *SNRPN* locus (see Discussion).

Analysis of histone modifications in DHS1 and DHS2
--------------------------------------------------

Allele-specific patterns of histone modification associated with the *SNRPN* promoter region have been reported previously ([@b31],[@b32]) and consist of increased levels of H3 and H4 acetylation (H3 and H4 Ac) and H3 lysine 4 methylation (H3-K4 Me) on the paternal allele, and H3 lysine 9 methylation (H3-K9 Me) on the maternal allele. However, the elevated levels of H3-K4 diMe and H3-K9 diMe in the promoter region decrease drastically ∼200 and ∼600 bp, respectively, downstream from the transcription initiation site ([@b32]). To determine whether the downstream CAS has a distinct pattern of allele-specific histone modifications, we used ChIP analysis on AS- and PWS-derived lymphoblasts as before. We analyzed levels of H4 Ac, H3-K9 Ac and H3-K4 diMe, all of which are generally associated with transcriptional activation and are commonly elevated at the 5′ and regulatory regions of active genes ([@b33],[@b34]). As shown in [Figure 6C](#fig6){ref-type="fig"}, the levels of all these modifications in histones associated with the transcriptionally active paternal allele are elevated at the CAS (and *SNRPN* promoter), and lower at the inactive U1A promoter and regions flanking the promoter and CAS. Significant levels of these histone modifications were not observed at any region assayed on the maternal allele. Of particular interest are the high levels of H3-K4 diMe at the CAS, given that the levels of H3-K4 diMe are known to drastically decrease 200 bp downstream from the *SNRPN* transcription initiation site ([@b32]). This suggests that the *SNRPN* promoter region and CAS are associated with two separate and distinct regions of chromatin, both characterized by histone modification patterns typical of regulatory regions in active chromatin (rather than co-localization of these two regions within one continuous stretch of chromatin having the same histone modification patterns). These results are consistent with the notion that the CAS is a regulatory region within the endogenous *SNRPN* locus.

DISCUSSION
==========

We have analyzed the 5′ region of the *SNRPN* gene for *cis*- and *trans*-acting regulatory elements that may mediate *SNRPN* transcription. These studies focused on the two DNase I hypersensitive sites located within the *SNRPN* promoter (DHS1) and first intron (DHS2). Both hypersensitive sites co-localize with CpG islands that are differentially methylated on the maternal and paternal alleles, a characteristic of regulatory regions associated with imprinted genes ([@b35]).

*In vivo* footprint analysis of the *SNRPN* promoter region
-----------------------------------------------------------

DHS1 is located within the PWS-SRO and co-localizes with the *SNRPN* promoter. *In vivo* footprint analysis of the endogenous promoter was used to identify *cis*-acting elements associated with six footprints on the paternal allele (P1--P6) and one on the maternal allele (M6). *In vivo* footprint P1 is located adjacent to the translation initiation site in exon 1 and is included within a previously described repressor sequence ([@b14]). However, our analysis showed that the repressor function appears to be limited to negatively regulating the activation of the *SNRPN* promoter by the enhancer associated with DHS2 ([Figure 4B](#fig4){ref-type="fig"}). Footprint P2, a potential E2F binding site, appears to be a *cis*-acting element essential for *SNRPN* promoter function in the presence or in the absence of the enhancer ([Figures 2G](#fig2){ref-type="fig"} and [4B](#fig4){ref-type="fig"}). E2F consists of a family of transcription factors that participate in transcription activation and repression ([@b36]). The sequence associated with footprint P3 bears a resemblance to a potential CTCF binding site ([@b37]). CTCF has been implicated in the regulation of the imprinted *H19*/*IGF2* locus where it is associated with an intergenic insulator ([@b38]). However, we have been unable to demonstrate by ChIP assays that CTCF is bound in the *SNRPN* promoter region on either the paternal or maternal alleles. Therefore, *in vivo* footprint P3 is likely to be due to binding of a factor other than CTCF in lymphoblasts. It is also possible that CTCF is bound to this site in cell types other than lymphoblasts, possibly in the germ line. By transient expression assays, footprint P4 does not appear to play a direct role in *SNRPN* promoter function ([Figures 2G](#fig2){ref-type="fig"} and [4C](#fig4){ref-type="fig"}) and does not seem to correspond to any known transcription factor binding site. However, it is located between two potential binding sites for Sp1, which our ChIP analysis showed to be associated with the *SNRPN* promoter region ([Figure 6B](#fig6){ref-type="fig"}). This suggests that footprint P4 may be the result of Sp1 interaction with one or both of the flanking Sp1 binding sites. Footprint P5 is associated with a potential NRF-1 binding site, which is phylogenetically conserved between the human and mouse *SNRPN* promoters. The interaction of NRF-1 with the paternal promoter region *in vivo* was demonstrated by ChIP ([Figure 6B](#fig6){ref-type="fig"}). In addition, footprint P5 overlaps with the previously reported SBE *cis*-acting element in the *SNRPN* promoter ([@b14]). Our analysis also found that P5 is essential for promoter function ([Figure 2G](#fig2){ref-type="fig"}). Footprints P6 on the paternal allele and M6 on the maternal allele show two distinctly different *in vivo* footprint patterns that localize to adjacent guanine nucleotides ([Figure 2F](#fig2){ref-type="fig"}). These data suggest that P6 and M6 represent interaction of different *trans*-acting factors at this sequence that perform different functions on the maternal and paternal alleles; on the maternal allele, the factor responsible for M6 may participate in the silencing of the *SNRPN* gene, while on the paternal allele, the factor representing P6 may contribute to *SNRPN* promoter function and gene activation as suggested by mutation analysis of the M6/P6 sequence ([Figure 2G](#fig2){ref-type="fig"}). The sequence associated with footprints P6 and M6 corresponds to overlapping potential NRF-1 and CTCF binding sites ([Figure 3](#fig3){ref-type="fig"}). ChIP assays in lymphoblasts confirmed the interaction of NRF-1 with the paternal allele of the *SNRPN* 5′ region ([Figure 6B](#fig6){ref-type="fig"}), but failed to detect association of CTCF with either the paternal or the maternal allele (Supplementary Figure S3B). This would suggest that footprint P6 on the paternal allele may be generated by interaction with NRF-1, and that it is unlikely that CTCF interacts with neither P6 nor M6 in these cells Therefore, it is currently unclear what factor(s) is generating the M6 footprint on the maternal allele in these lymphoblast cells.

Our *in vivo* footprint analysis of the *SNRPN* promoter included all six sequences that are phylogenetically conserved between the human and the mouse homologous regions ([@b7]). However, only one of these sequences was *in vivo* footprinted in lymphoblasts (footprint P5), which suggests that the other five phylogenetically conserved sequences might not be functional *cis*-acting elements in lymphoblasts and may be restricted to function in other somatic cell types, the germ line, and/or in early embryo development. In addition, Kantor *et al*. ([@b16]) have identified a series of sequences within the mouse *Snrpn* promoter (not including the SBE) that are involved in the correct imprinting of a transgene in mice that includes the mouse *Snrpn* promoter and the human AS-SRO. However, these mouse promoter sequences do not overlap with any of the six phylogenetically conserved sequences and are not present in the human *SNRPN* promoter. Therefore, it is not possible at this time to draw a comparison between the sequences identified by Kantor *et al*. ([@b16]) and the footprints identified in our study.

The region associated with DHS1 is located within the PWS-SRO and has been proposed to be involved in PWS-IC function ([@b7],[@b24]) as well as in *SNRPN* promoter function. Thus, one or more of the *cis*-acting regulatory sequences associated with DHS1 identified here by *in vivo* footprinting may be essential not only for *SNRPN* expression as shown by our transient expression assays, but may also be functional elements of the PWS-IC.

The enhancer associated with DHS2
---------------------------------

Transient expression assays demonstrated that intronic sequences associated with DHS2 could function as an enhancer of the *SNRPN* promoter ([Figure 4A](#fig4){ref-type="fig"}) and included a highly conserved region we have termed the CAS. The CAS contains evolutionarily conserved binding sites for three known transcription factors, NRF-1, YY1 and Sp1 ([Figure 5A](#fig5){ref-type="fig"}), as well as two other highly conserved sequences that may serve as binding sites for transcription factors that have not yet been identified. One of these latter two sequences in the CAS (from nucleotides +1302 to +1310) is highly homologous to the MPI2 sequence in the mouse *Snrpn* promoter, which has been shown to be involved in maintenance of paternal imprinting of a construct in transgenic mice that contains the human AS-SRO and the mouse *Snrpn* promoter, though the corresponding DNA-binding factor for MPI2 element in the mouse promoter has not been identified ([@b16]).

In addition to activating the *SNRPN* promoter, our data have shown that the intronic enhancer can also function to activate transcription of heterologous promoters in transient expression assays, including the *MKRN3* promoter ([Figure 4C](#fig4){ref-type="fig"}). Thus, it is conceivable that the enhancer could also contribute to PWS-IC function by activating the promoters of other genes in the AS/PWS domain that are expressed only from the paternal chromosome (e.g. *MKNR3, NDN* and *MAGEL2*). This would be consistent with the model of PWS-IC function proposed by Brannan and Bartolomei ([@b39]) in which the PWS-IC acts as a positive regulator of genes expressed only from the paternal chromosome.

ChIP analysis showed that NRF-1, YY1 and Sp1 are all preferentially associated with the CAS region on the paternal allele *in vivo* ([Figure 6B](#fig6){ref-type="fig"}). Gel-shift analysis of the potential YY1 binding site demonstrated the ability of YY1 to bind to this site *in vitro* (Supplementary Figure S2C), and transient expression assays showed that this YY1 binding site is essential for the activation function of this intronic region (Supplementary Figure S2A). YY1 is a ubiquitous factor that has been shown to act as a transcriptional initiator, activator and repressor ([@b27]), suggesting the possibility that YY1 could be involved in mediating both activation and silencing of the *SNRPN* locus, depending upon the parent-of-origin of the allele. A role for YY1 in the regulation of imprinted genes has been postulated for the imprinted PEG3 locus where YY1 appears to act as an insulator-binding protein ([@b40]). YY1 is also reported to associate with the nuclear matrix ([@b41]), suggesting a possible role for the CAS in tethering this region of the paternally inherited *SNRPN* locus to the matrix.

Similar to previous reports for the promoter region of *SNRPN* ([@b31],[@b32]), the intronic CAS on the paternal chromosome (but not on the maternal chromosome) is associated with histone modification patterns characteristic of transcriptionally active chromatin ([@b33]) ([Figure 6C](#fig6){ref-type="fig"}). This is consistent with a role for the CAS in regulating *SNRPN* transcription *in vivo*. In addition, both YY1 and NRF-1 are known to interact with histone modifying enzymes ([@b27],[@b42]), suggesting that these factors may have a role in establishing and/or maintaining differential patterns of histone modification on the paternal and/or maternal chromosomes.

The role of NRF-1 in the regulation of the *SNRPN* locus
--------------------------------------------------------

DNA sequence analysis and ChIP assays indicate that NRF-1 interacts with both the promoter region and the CAS on the paternal allele ([Figure 6B](#fig6){ref-type="fig"}). The upstream *SNRPN* promoters U1A and U1B also contain potential NRF-1 binding sites; however, no interaction of NRF-1 was detected with either allele of the U1A promoter ([Figure 6B](#fig6){ref-type="fig"}), which is not active in blood cells ([@b5]). In addition, we have identified by sequence analysis a conserved potential NRF-1 binding site in the *NDN* promoter region, which coincides with a sequence that is *in vivo* footprinted on the paternal *NDN* allele only ([@b43]). The fact that NRF-1 may be regulating at least some of the genes in the PWS/AS region is interesting because of the involvement of NRF-1 in the regulation of genes related to mitochondrial biogenesis and function, metabolism (including growth factor receptors and factors involved in glucose homeostasis), DNA replication and transcriptional regulation ([@b26]). This suggests that genes in the AS/PWS region and genes that function in metabolism and in cellular energetics may be co-regulated through the common transcriptional regulator NRF-1. This would further suggest a potential link between energy metabolism and aspects of the PWS phenotype (e.g. obesity and growth factor deficiency). However, the resting metabolic rate of PWS patients does not seem to differ from that of normal obese individuals ([@b44]).

Potential roles of the CAS
--------------------------

Using antibodies against unphosphorylated pol II in ChIP assays, we found that the non-elongating form of pol II was significantly enriched at the CAS ([Figure 6B](#fig6){ref-type="fig"}), an intronic region that would normally be expected to be associated only with elongating phosphorylated pol II. This suggested that the CAS may be involved in recruiting and accumulating the initiating form of pol II at the *SNRPN* locus. This recruitment of pol II to the CAS could be mediated by YY1, which is known to interact with and recruit pol II to promoters ([@b27]), and enhanced by Sp1 and NRF-1. Furthermore, recruitment of pol II to the CAS may serve as a mechanism for facilitating activation and transcription of the *SNRPN* gene by transfer of pol II from the CAS to the promoter and/or by increasing the local concentration of pol II in the vicinity of the *SNRPN* promoter. These mechanisms of promoter activation by distal regulatory elements have been proposed for a variety of other loci. For example, the locus control region (LCR) of the major histocompatibility complex (MHC) class II locus has been proposed to recruit pol II and transfer it to the promoter via either looping or tracking mechanisms ([@b45]). Alternatively, the LCR of the β-globin locus ([@b46]) has been postulated to recruit RNA pol II (and other *trans*-acting factors) by formation of a holocomplex or active chromatin hub (ACH) ([@b47]). The formation of an ACH by the PWS-IC to coordinately activate transcription of genes expressed from the paternal chromosome would be consistent with the model for PWS-IC function proposed by Brannan and Bartolomei ([@b39]). Thus, we speculate that the PWS-IC may function via formation of an ACH. Regulatory elements within the *SNRPN* 5′ region, including those associated with both DHS1 and DHS2 (and the CAS) may participate in the formation of a holocomplex (i.e. a chromatin hub) that interacts with and recruits regulatory regions from each of the paternally expressed genes (e.g. *MAGEL2*, *NDN* and *MKRN3*) to form an ACH specifically on the paternally inherited chromosome. This ACH would coordinately facilitate and activate transcription of the genes that are expressed exclusively on the paternal chromosome, in part by creating a highly localized region within the nucleus that is enriched in *trans*-acting positive regulators of transcription, such as histone acetyltransferases, general transcription factors and RNA polymerase II. Participation of the CAS in formation of the ACH would be consistent with our finding of unphosphorylated pol II at the CAS. As a variation of this model, it is also possible that the PWS-IC acts by facilitating recruitment of genes expressed from the paternal chromosome into transcription factories described by Osborne *et al*. ([@b48]). Both models would be consistent with the long-range interactions reported between differentially methylated regulatory regions that regulate imprinting in the *Igf2/H19* domain ([@b49]).

Participation of the CAS in formation of an ACH would also suggest a role for the CAS in PWS-IC function. The location of the CAS relative to targeted deletions of the mouse *Snrpn* gene that serve as mouse models for murine AS/PWS imprinting defects provide evidence consistent with such a role. A targeted 35 kb deletion extending 19 kb upstream and 16 kb downstream of the mouse *Snrpn* promoter region that included both the mouse CAS and *Snrpn* promoter region resulted in 100% neonatal lethality in mice when paternally inherited ([@b50]). This was accompanied by a loss PWS-IC function, including loss of paternal-specific gene expression and DNA methylation patterns of other imprinted genes in the region. These results suggested that the murine PWS-IC is contained within the 35 kb deletion. A second targeted deletion in this region, in which 0.9 kb of the *Snrpn* promoter region and exon 1 were deleted, showed no disruption of imprinted gene expression or DNA methylation patterns, suggesting that the *Snrpn* promoter region does not, by itself, function as the PWS-IC in the mouse ([@b19]). However, a 4.8 kb deletion that included the previously deleted 0.9 kb promoter region as well as sequences ∼1.9 kb upstream and ∼2 kb downstream yielded mice with a partial imprinting defect, and 40--50% perinatal lethality when paternally inherited ([@b19]). This would suggest that sequences 1.9 kb upstream and/or 2 kb downstream of the previous 0.9 kb promoter deletion contain *cis*-acting elements that contribute to PWS-IC function in the mouse. The mouse CAS sequence is located ∼1.8 kb downstream of the *Snrpn* transcription initiation site and is, therefore, contained within the 2 kb region downstream of the promoter, suggesting that loss of the CAS could have contributed to the partial imprinting defect observed for the 4.8 kb *Snrpn* deletion. This would further suggest that the CAS may be a functional component of the PWS-IC in the mouse, and because of the high degree of sequence conservation of the CAS between the humans and rodents, the CAS may also act as a functional component of the human PWS-IC.

Because mice carrying the 4.8 kb deletion on the paternal chromosome do not exhibit the full mutant phenotype shown by mice carrying the paternally inherited 35 kb *Snrpn* deletion, it is conceivable that other regions within the 35 kb deletion (but outside of the 4.8 kb deletion) may also contribute to PWS-IC function in the mouse ([@b16]). In addition, Kantor *et al*. have proposed that components of the PWS-IC may be redundant, such that deletion of one component, e.g. the 0.9 kb *Snrpn* promoter deletion, may be compensated for by other components of the mouse PWS-IC ([@b16]). This functional redundancy in a multicomponent PWS-IC may explain why no human microdeletions that remove the CAS and not the *SNRPN* promoter have been identified to date.
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![DNase I hypersensitivity of the *SNRPN* 5′ region. Lymphoblasts derived from PWS and AS patients were treated with increasing concentrations of DNase I, and DNase I hypersensitive sites were detected by Southern blot analysis. The diagram at the bottom shows the position of restriction sites, hypersensitive sub-bands, hybridization probe, and DNase I hypersensitive sites DHS1 and DHS2. The solid bar indicates the parental restriction fragment and the dashed lines indicate the subfragments generated by DNase hypersensitivity. The hatched box indicates the position of the probe. B, BamHI; E, EcoRI.](gki786f1){#fig1}

![Analysis of *cis*-acting regulatory elements in the *SNRPN* 5′ region. (**A**) Diagram of the *SNRPN* 5′ region analyzed by *in vivo* footprinting. Indicated are the first exon (black box), the transcription initiation site (bent arrow), potential transcription factor binding sites (gray boxes) and sequences conserved between the human and the mouse loci (horizontal brackets) Horizontal arrows specify the position of LMPCR primer sets and the extent of the sequence analyzed with each set. Primer sets above and below the line assayed the upper and lower strands, respectively. (**B**--**F**) DMS *in vivo* footprint analysis of the *SNRPN* 5′region. Lymphoblasts derived from PWS and AS patients (UPD or Del, described in the text) were treated with DMS for the indicated periods of time. Time 0 s indicates purified genomic DNA treated *in vitro* with DMS. Representative sequencing gels are shown and the position of *in vivo* footprints on the paternal allele (P1--P6) and on the maternal allele (M6) are indicated with filled and open circles that represent protection or enhanced reactivity to DMS, respectively. The numbers flanking the autoradiograms indicate positions relative to the transcription initiation site. Primer set TY528 identified footprint P1 (B) and P6/M6 (F) on the lower strand; primer set TY641 detected footprints P2--P5 on the upper strand (C--E). (G) Functional analysis of *in vivo* footprints by transient expression assays. Luciferase reporter constructs including the *SNRPN* promoter carrying point mutations at *in vivo* footprints P1, P2, P4, P5 and M6/P6, were assayed by transient expression in SK-N-SH cells. *Mut M6/P6* carries point mutations for both the P6 and M6 footprints. Relative luciferase activities are shown compared with a control construct including the wild-type *SNRPN* promoter (b), which was arbitrarily assigned the value 1. Error bars represent standard error of the mean and *n* indicates the number of times each construct was assayed.](gki786f2){#fig2}

![Summary of *in vivo* footprints in the *SNRPN* 5′ region. The nucleotide sequence corresponds to the human *SNRPN* 5′ region. Indicated are the positions of DMS *in vivo* footprints (circles and triangle), as well as the position of potential transcription factor binding sites (lines) and phylogenetically conserved sequences (boxes). Circles and triangles denote paternal and maternal footprints, respectively. Open and filled symbols denote enhanced and decreased DMS reactivity, respectively. Positions are indicated relative to the transcription initiation site (bent arrow).](gki786f3){#fig3}

![Identification of an enhancer associated with 2.2-DHS2. (**A**) Reporter constructs with 2.2-DHS2 (black arrow) at different positions and orientations with respect to the *SNRPN* promoter were assayed by transient expression assays as in [Figure 2G](#fig2){ref-type="fig"}. (**B**) Functional analysis of *in vivo* footprints in the presence of 2.2-DHS2. Construct (b) in [Figure 4A](#fig4){ref-type="fig"} was mutated at each of the *in vivo* footprints P1, P2, P4, P5 and M6/P6 and analyzed by transient expression assays as in [Figure 2G](#fig2){ref-type="fig"}. Relative luciferase activities are shown in comparison with reporter constructs containing the normal *SNRPN* promoter and/or 2.2-DHS2. (**C**) Preferential activation of the *SNRPN* promoter by 2.2-DHS2. The effect of 2.2-DHS2 on the promoter of various genes in the PWS-AS region was examined by transient expression assays as in [Figure 2G](#fig2){ref-type="fig"}. Gray bars and black bars represent the relative luciferase activity for reporter constructs with the indicated promoters and lacking 2.2-DHS2 (gray bars) or carrying 2.2-DHS2 (black bars). The construct containing the *SNRPN* promoter and no 2.2-DHS2 was arbitrarily assigned the value 1. The fold increase induced by 2.2-DHS2 with each promoter is indicated on the right.](gki786f4){#fig4}

![Identification and functional analysis of the CAS. (**A**) Sequence alignment between the human 2.2-DHS2 and the homologous regions of the mouse and rat *SNRPN* first intron. Numbers indicate positions with respect to the *SNRPN* transcription initiation site. Shaded boxes indicate nucleotides conserved between all three species. Potential transcription factor binding sites and restriction sites are also indicated. (**B**) Transient expression assays of activation function associated with the CAS (as in [Figure 2G](#fig2){ref-type="fig"}). A restriction map of 2.2-DHS2 is shown on the top left, and each subfragment of 2.2-DHS2 assayed in reporter constructs is depicted below by gray horizontal bars. Numbers refer to positions with respect to *SNRPN* transcription initiation site. Enzymes: B-BglII, Bs-BstNI, E-EcoRI, Ha-HaeIII, N-NotI, S-StyI and Sm-SmaI.](gki786f5){#fig5}

![ChIP analysis of the *SNRPN* locus. (**A**) A diagram of the region surrounding the *SNRPN* promoter. The location of primer sets used in the ChIP analysis is indicated by horizontal arrows. U1A is an upstream *SNRPN* exon. (**B** and **C**) Results of ChIP analysis. Chromatin from lymphoblasts derived from AS and PWS patients was cross-linked with formaldehyde and immunoprecipitated with antibodies against: (B) YY1, NRF-1, Sp1 and unphosphorylated RNA pol II, and (C) H4Ac, H3-K9Ac and H3-K4diMe histones. Immunoprecipitated DNA was amplified and analyzed by PCR using primers sets 1--5 and quantified by fluorescence scanning. The input DNA control sample was used to normalize the quantification of each PCR products. Average relative intensity values are shown. Error bars represent standard error of the mean.](gki786f6){#fig6}
